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© Apparatus and method for the simultaneous control of two or more related variables. 



© Method and apparatus for controlling a system 
having at least two variables (A and B), the variables 
being interrelated and having a first uncontrollable 
relationship resulting from system characteristics, 
and a second set of variables at least two of which 
are related to variables of the first set. with the 
second set of variables having a second controllable 
relationship, the controller comprising means (7, 8, 
9) for storing, or having access to, a multiplicity of 
desirable states of the system in accordance with 
the second relationship, means (13, 14, 15) for moni- 
toring the states of said at least two variables, means 
(5) for comparing said monitored states with said 
second relationship, and means (17, 51) for adjusting 
one or more characteristics of the system in order to 
urge the system into a state which conforms to the 
Z second relationship. 
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APPARATUS AND METHOD FOR THE SIMULTANEOUS CONTROL OF TWO OR MORE RELATED VARI- 
ABLES 



This invention relates to apparatus and method 
for the simultaneous control of two or more related 
variables such as, for example, the velocity and 
pressure of a hydraulic cylinder which is used in a 
control system. 

According to a first aspect of the present in- 
vention there is provided a method of controlling a 
system having a first set of at least two interrelated 
variables, having a first uncontrollable relationship 
resulting from system characteristics, a second set 
of variables of which at least two are related to 
variabtes of said first set, with the second set of 
variables having a second controllable relationship, 
the method comprising the steps of storing the 
second relationship, monitoring the states of said 
first and second sets of variables, comparing said 
monitored second set of variables with said second 
relationship, and adjusting one or more characteris- 
tics of the system in order to urge the system into 
a state which conforms to the second relationship. 

According to a further aspect of the present 
invention, there is provided a controller for a sys- 
tem having a first set of at least two variables, the 
variables being interrelated and having a first un- 
controllable relationship resulting from system 
characteristics, and a second set of variables at 
least two of which are related to variables of said 
first set, with the second set of variables having a 
second controllable relationship, the controller com- 
prising means for storing, or having access to, a 
multiplicity of desirable states of the system in 
accordance with the second relationship, means for 
monitoring the states of said first and second sets 
of variables, means for comparing said monitored 
second set of variables with said second relation- 
ship, and means for adjusting one or more char- 
acteristics of the system in order to urge the sys- 
tem into a state which conforms to the second 
relationship. 

The means for storing the second relationship 
may be such as to store that relationship in the 
form of an equation, look-up tables, map, surface, 
curve or line, the second relationship being stored 
using nominal or typical values of the variables, or 
as a percentage of maximum allowable values. The 
means for adjusting one or more of the variables 
may be responsive to the states of other system 
variables or to external signals, whether user gen- 
erated or from another system controller. The level 
of each monitored variable and/or second relation- 
ship may be scaled prior to, or after, the compari- 
son between the monitored variables and the sec- 
ond relationship, the magnitude of the scaiings 
being controlled by the level of the external signal- 



(s) or the level(s) of one or more other system 
variables, the rescaiing being achieved in linear or 
non-linear form, including the adding of constant or 
variable offsets, or the substitution of an alternative 

s second relationship. 

One or more of the variables may not be 
directly monitored due to physical, practical or cost 
constraints, or because, for example, the variable is 
a performance index which cannot be obtained by 

10 a single measurement of the system. In this event, 
the variable required for comparison with the sec- 
ond relationship may be calculated or estimated 
from other system variables which can be mon- 
itored. 

75 The principle feature of the present invention is 

that of allowing any level or magnitude for any of 
the variables, provided that the combination of lev- 
els, hereinafter also referred to as "the state" of the 
system, conforms to the stored second relation- 
20 ship. The control action taken in each case is the 
result of a comparison between the state of the 
system and the second relation ship and the cal- 
culation of the direction and magnitude of control 
action necessary to urge the system towards any 
25 state which conforms to the second relationship. 

The system to be controlled will normally have 
fewer control means for urging the system towards 
the desired state, defined by the second relation- 
ship, than there are variables included in the sec- 
30 ond relationship, inferring that the second relation- 
ship must consist of at least two interrelated vari- 
ables, but may in fact include any number of 
interrelated or independent variables used better to 
describe the desired states of the system. The 
35 system must include at least one system control 
means which modifies the operating level of at 
least two of the interrelated variables. 

The present invention can be used to improve 
the performance of a system or machine in a 
40 variety of ways including, for example, limiting 
power requirements, or power losses, controlling 
stress, strain, heat generation, flows, or maximising 
efficiency. Alternatively, the second relationship 
may be defined entirely or partially on an empirical 
45 basis to suit the process or actions being con- 
trolled. It will be appreciated that such control will 
normally be of advantage when improvements, 
such as those recited above, are not best achieved 
by a simpler controller which will only control the 
so level of one variable at a time. While such a simple 
controller may be able to switch to an alternative 
control mode to control another variable, it cannot 
prevent undesirable combinations of said variables. 
A controller in accordance with the present inven- 



2 



3 



EP 0 372 899 A1 



4 



tion can by use of a suitable second relationship 
prevent such undesirable system states and in 
addition can further improve the dynamic behaviour 
of the system by changing or adjusting the second 
relationship in response to various measurement, 
including the rate of change of one or more of the 
variables. A controller in accordance with the 
present invention can be used in combination with 
dynamic compensation means to improve system 
stability or dynamic response and also in combina- 
tion with means to linearise or modify any variable 
or the input/output characteristics of the system. 

The present invention may find application in a 
number of different systems but one application is 
that of a fluid power system to control, for example, 
pressure and flow at some point in the system. 
Simultaneous control of these two variables, or any 
other two or more variables, may be advantageous 
for a multiplicity of reasons, for example improving 
the quality of a part or component produced by 
injection moulding or forging, or the controller may 
be used to limit power or load requirements on a 
prime mover or other component in the system. 

Apparatus and method for the simultaneous 
control of two or more related variables in accor- 
dance with the present invention will now be de- 
scribed in greater detail, by way of example, with 
reference to the accompanying drawings, in which:- 
Figures 1 to 3 are plots useful in explaining 
the invention, 

Figure 4 is a general schematic layout of 
one embodiment of the invention, and 

Figure 5 is a more detailed block diagram of 
a specific embodiment of the invention. 

Figure 1 is a plot of variable A against variable 
B and the full line 1 illustrates a first relationship 
between these two variables. This first relationship 
results from characteristics of the plant or system 
being controlled and the relationship is not control- 
lable or alterable by the plant or system control 
means. In addition, the first relationship may 
change due to variations in other characteristics of 
the plant or system, for example, to that indicated 
by the broken lines 2 and 3. The second relation- 
ship is illustrated by the chain line 4 and for the 
purposes of illustration, the first and second rela- 
tionships illustrated are arbitrary and may be of 
alternative forms, in addition, the variables A and B 
need not be direct measurements from a system 
being controlled but may be scaled, adjusted or 
calculated from one or more of a multiplicity of 
inputs- The system or plant to be controlled is such 
that adjustments to the system or plant control 
means will cause both variables A and B to change 
in proportion to each other as shown by the first 
relationship. 

Still referring to Figure 1 of the drawings, the 
operation of the controller in accordance with the 



present invention is such that after a measurement 
of the system or plant is made at Time 1 and the 
point of intersection of the variables A and B found, 
the controller will adjust the signal to the system or 
5 plant control means and the magnitude and direc- 
tion of this adjustment will be such as to urge the 
point of intersection of the two variables shown as 
MAi and MBi, approximately in the direction 
shown by the arrow G towards the line describing 
w the second relationship without selecting any target 
point but rather accepting any point at which the 
variables A and B coincide with the second rela- 
tionship as an acceptable operating point on the 
system shown in Figure 1 as point K. In some 
75 applications, it may not be possible for whatever 
reason to achieve an operating point exactly on the 
line 4 described in the second relationship, it being 
sufficient that the action of the controller urges the 
point of intersection of the two variables A and B 
20 towards the second relationship. 

Similarly, if at another Time 2, the point of 
intersection of the two variables A and B is above 
the line 4 described in the second relationship as 
illustrated in Figure 1 , the controller will adjust the 
25 signal to the system or plant control means such 
as to move the point of intersection shown as MA2 
and MB 2 approximately in the direction shown by 
the arrow H. The actual direction of movement of 
the point of intersection is dependent upon the 
30 transient and steady state of behaviour of the sys- 
tem or plant and can deviate from the path de- 
scribed by the first relationship 1 under transient 
conditions. The transient behaviour of the plant or 
system may dictate that additional compensation 
35 means are used to achieve stable operation. This 
compensation may be applied in a variety of dif- 
ferent ways, including time-dependent filters ap- 
plied to system measurements, or the system or 
plant control signal or adjustments to the second 
40 relationship based on the transient behaviour of the 
system or plant. 

Turning now to Figures 2 and 3, these illustrate 
modifications to the relationship of two variables D 
and C by way of a third variable E which may be 
45 an input signal, a plant or system variable or a 
combination of these. Modification may be 
achieved in proportion to the third variable E in one 
direction as shown in Figure 3, or the magnitude of 
the third variable may cause a change in the form 
50 of the second relationship as shown in Figure 3. 
Alternatively, step changes to the second relation- 
ship may be employed. These and any other 
means of adjustment may be used in isolation or in 
combination in response to any additional variable 
55 or variables or the rate of change of any of the 
original variables or the. application or magnitude of 
external signals. 

Turning now to Figure 4, this illustrates a gen- 
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eral control arrangement in accordance with the 
present invention. A plant, system or machine 
(hereinafter referred to as "the plant" for conve- 
nience), for example, indicated at 5 is connected to 
a controller 6 which has access to the controllable 
second relationship indicated at 7, with alternative 
second relationships being indicated at 8 and 9. At 
least measurements of two variables of the state of 
the plant, are taken using sensors 13 and 14 and 
applied via lines 11 and 12 to the controller 6 at 
least two of the measured variables being inter- 
dependent, the controller then using these two in- 
terdependent measurements to generate at least 
two key variables which are compared with the 
second relationship 7 to generate at least one 
plant, control signal to adjust the state of the plant. 
The plant 5 may be fitted with additional sensors, 
such as indicated at 15, to produce one or more 
feedback signals to the controller 6 via line 52 and 
which may be used, as can the optional inputs 53 
and 54, to adjust the second relationship, scale or 
modify the key variables A and B, or modify plant 
control signals in any desired manner. Alternatively, 
any further input and/or feedback signal may be 
used to generate other key variables for compari- 
son with a second relationship describing the rela- 
tionship between more than two key variables. The 
basic plant control signal generated by the control- 
ler 6 is applied on a line 16 to control means 17 
and other outputs may be provided on line 20. 

Figure 5 of the drawings shows in greater 
detail an embodiment of the present invention 
which comprises as the plant system or machine 
to be controlled an hydraulic actuator 18 compris- 
ing a cylinder 19 and piston 21 in conventional 
manner. Such an actuator can be part of an injec- 
tion moulding machine, for example, and used to 
inject synthetic plastic material into a mould, the 
parameters of this injection being critical to the 
quality of article produced. In this embodiment, the 
two variables of the first set of variables are the 
velocity cf the actuator 18 and the pressure in the 
cylinder swept volume 22. The flow of hydraulic 
fluid to the actuator 18 is controlled by a propor- 
tional control valve 23 which is in turn supplied with 
pressure fluid from a pump 24 fitted with a pres- 
sure relief valve 25. As indicated by broken line 26, 
the hydraulic circuit may be arranged so as to 
supply pressure fluid to the annular swept volume 
27 of the cylinder 19 to assist with the retraction of 
the piston 21 when required. 

The controller in accordance with the present 
invention is indicated generally at 28 and com- 
prises a pressure sensor 29 connected to the cyl- 
inder 22 of the actuator 18 and a velocity sensor 
31 connected directly or indirectly to the piston 21 
of the actuator. The velocity sensor 31 generates a 
signal which is proportional to the actual velocity of 



the actuator 18 and this signal is applied to a 
variable attenuation module 32 in which the actual 
velocity signal is divided by a maximum velocity 
signal supplied on line 33, the output of the attenu- 
5 ation module being a scaled actual velocity signal 
which describes actual velocity as a percentage of 
maximum velocity and this is one variable of the 
second set of variables the other of which is pres- 
sure. Thus, the two variables of the second set are 
io related to the first set. The maximum velocity sig- 
nal supplied on the line 33 may be fixed gt variable 
and may be generated empirically and/or De in part 
be dependent on other system variables such as 
the position of the actuator 18, the temperature of 
75 the system or material being processed, or by 
direct user input. The scaled velocity signal is 
applied on a line 34 to means 35 storing the 
desired relationship between the velocity and pres- 
sure of the actuator 18. this relationship being by 
20 way of a contour equation or look-up table. This 
stored data in the means 35 may be scaled if 
desired, to allow a variety of maximum pressures 
or maximum velocities defined by external signals 
applied to the controller. 
25 The scaled actual velocity signal on line 34 is 

used to access the data in the means 35 to provide 
a scaled desired pressure signal on output line 36 
derived from the pressure/velocity contour, equa- 
tion or look-up table stored therein. The scaled 
30 contour pressure signal on line 36 expresses pres- 
sure as a percentage of the maximum pressure 
signal which is applied on line 37, these two sig- 
nals being multiplied together in a variable gain 
module 38 to provide an output signal on line 39 
35 which is proportional to the desired pressure. The 
desired pressure signal on line 39 is compared in a 
comparator 41 z with the actual pressure signal on 
line 42 provided by the pressure sensor 29. The 
difference between these two signals is applied to 
40 two control means 43 and 44. If the pressure 
difference signal has a negative value, this in- 
dicates that the actual pressure is too great and the 
control means 43 will generate a sign?.- and apply it 
to a valve position control circuit 45 indicating that 
45 flow from the pump 24 to the actuator 18 should be 
reduced and/or the flow to tank from the swept 
volume 22 of the actuator should be increased. 
Alternatively, a positive value of the difference 
pressure signal indicates that the actual pressure is 
so less than the desired pressure and a signal will be 
generated from the control means 44 and applied 
to the value position control means 45 indicating 
that the flow from the pump 24 to the swept 
volume 22 of the actuator 18 should be increased 
55 and/or the flow from the swept volume 22 to tank 
should be decreased. The valve position control 
means 45 applies a control signal to the control 
valve 23 on line 46 and thus controls the direction 
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and magnitude of movement of the control valve 
spool in response to signals from the control 
means 43 and 44 and limits full movement when 
required. This control of the valve 23 may operate 
in a closed loop feedback mode using signals from 
a position sensor 47 which are applied to the valve 
position control means 45. It should be noted that 
this alternative mode of operation is optional. 

Any of the modules of the controller 28 may be s 
arranged to respond to external override signals, in 
particular the valve position control module 45 
which may be arranged to respond to an override 
signal on line 48 to retract the actuator 18, when 
required. Alternatively, retraction of the actuator 18 
may be achieved in the illustrated embodiment by 
reducing the maximum pressure external signal on 
line 37 to produce a negative difference signal from 
the comparator 41 , thus causing the control means 
43 to command an increase in flow (to tank) from 
the swept volume 22 of the actuator 18, allowing 
the pressure in the swept volume 27 to retract the 
actuator. 

In the embodiment of Figure 5, the 
pressure/velocity contour stored in means 35 may 
be defined by storing the desired pressure at dis- 
creet intervals equivalent to 10% of the maximum 
velocity. Mathematical straight line interpolation 
would be used to calculate the desired pressure at 
any point between the 10% intervals. Thus it will 
be seen in the embodiment of Figure 5 that the two 
variables are pressure and velocity and a control- 
lable relationship between these two variables is 
stored in the means 35. The states of these two 
variables are monitored by the sensors 29 and 31 
and the monitored states are compared with the 
relationship established in 35 and the result of this 
comparison used to adjust, if necessary, one of the 
variables. 

It will be seen that the second relationship 
describes the desired states of the system using 
one or more unmeasured, imaginary or non-reai 
variables, including performance index numbers, 
calculated or generated from measured variables 
and known or estimated data, and the comparison 
between these calculated or generated variables 
and the second relationship is used to determine 
the control action to the system via the controller. 
At least two of this second set of variables are 
related to variables of the first set of variables. 

The system may be such as to control any 
function, including valves, switches, solenoids, mo- 
tors, actuators, and pumps, or to control the level, 
position, speed, force, strength or other motion of 
any component, product fluid, field, current or volt- 
age. The invention can be used to control any 
system, plant, machine or process in which the 
quality, cast, performance, production rate or any 
other parameter of the article, product or compo- 



nent being manufactured can be improved or better 
controlled by the use of suitable second relation- 
ship discussed above. The invention may be used 
to limit the power, torque or speed requirements 

5 placed on a prime mover, or used to limit the 
power generated by, or lost, in the system or any 
part thereof. The at least two variables may be 
those describing the motion and/or force, pressure, 
torque or power generated or required by any unit, 

w vehicle, vessel, actuator, motor or solenoid. 

As already mentioned, the invention may find 
particular application in an injection moulding pro- 
cess to control, for example, the relationship be- 
tween speed and force or pressure of any actuator 

75 used to manipulate or inject any material into a 
mould or through any die, restriction or pipe so as 
to allow both speed and force or pressure, or any 
other two or more system variables, to be continu- 
ously variable in response to changing resistance 

20 of the material being manipulated and also to im- 
pose a desired relationship between speed and 
force or pressure, or any other two or more system 
variables, as described by the second relationship. 



1. A method of controlling a system having a 
first set of at least two interrelated variables <A,B). 

30 having a first uncontrollable relationship resulting 
from system characteristics, and a second set of 
variables of which at least two are related to vari- 
ables of said first set, with the second set of 
variables having a second controllable relationship. 

35 characterised in that the method comprises the 
steps of storing (7,8.9) the second relationship, 
monitoring (13,14,15) tine states of said first and 
second sets of variables, comparing (5) said mon- 
itored second set of variables with said second 

40 relationship, and adjusting (5) one or more char- 
acteristics of the system in order to urge the sys- 
tem into a state which conforms to the second 
relationship. 

2. A controller for a system having a first set of 
45 at least two variables (A,B), the variables being 

interrelated and having a first uncontrollable rela- 
tionship, resulting from system characteristics, and 
a second set of variables at least two of which are 
related to variables of the first set, with the second 

so set of variables having a second controllable rela- 
tionship, characterised in that the controller com- 
prises means (7,8,9) for storing, or having access 
to, a multiplicity of desirable states of the system in 
accordance with a second relationship, means 

55 (13,14,15) for monitoring the states of said first and 
second sets of variables, means (5) for comparing 
said monitored states with said second relationship, 
and means (17,51) for adjusting one or more char- 
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acteristics of the system in order to urge the sys- 
tem into a state which conforms to the second 
relationship.. 

3. A controller according to claim 2, charac- 
terised in that the means (7,8,9) for storing the s 
second relationship stores that relationship in the 
form of an equation, look-up tables, map, surface, 
curve or line. 

4. A controller . according to claim 3, charac- 
terised in that the second relationship is stored 10 
using scaled variables which are a percentage or 

ratio of maximum allowable values, the allowable 
maximum values being preset or adjustable in re- 
sponse to the states of other system variables or to 
external signals. 75 

5. A controller according to any of claims 2 to 

5, characterised in that the level of each monitored 
variable and/or second relationship is scaled prior 
to, or after, the comparison between the monitored 
variables and the second relationship, the mag- 20 
nitude of the scaling being controlled by the level 

of an external signal or signals, or the level or 
levels of one or more other system variables. 

6. A controller according to claim 4 or 5, 
characterised in that the scaling or adjustment is 25 
achieved in linear or non-linear form, including the 
adding of constant or variable offsets. 

7. A controller according to any of claims 2 to 

6, characterised in that an alternative second rela- 
tionship is substituted either progressively or in a 30 
single step to allow for different system conditions, 
performance requirements or to reduce the calcula- 
tion time required to scale variables or to scale the 
second relationship. 

8. A controller according to any of claims 2 to as 

7, characterised in that one or more of the vari- 
ables is monitored indirectly. 
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